ABSTRACT
T
herapeutic hypothermia is the current standard treatment for term neonates with hypoxic-ischemic encephalopathy to try to prevent the development of brain injury. [1] [2] [3] [4] Although this treatment has reduced the rate of death and neurologic impairment in neonates with hypoxic-ischemic encephalopathy at 18 months of age, [5] [6] [7] some neonates still develop brain injury and long-term neurologic sequelae. Induced hypothermia is believed to work by decreasing the brain temperature and thus reducing the baseline metabolism and energy demand of the brain. 8 Therefore, it would be of great importance to monitor brain temperature for these neonates during and after hypothermia treatment.
In recent years, techniques using MR imaging have been developed to noninvasively measure brain temperature (referenced used only a few times with neonates, 16, 17 and even more rarely with neonates with hypoxic-ischemic encephalopathy. 18, 19 Bainbridge et al 18 have demonstrated the feasibility of this technique with neonates using single-voxel MR spectroscopy placed in the thalamus and/or white matter to show the correlation between brain and rectal temperatures in healthy neonates; in addition, in their study, only 9 neonates had brain temperature measurements during hypothermia treatment. Wu et al 19 studied 18 neonates with hypoxic-ischemic encephalopathy treated with hypothermia with single-voxel MR spectroscopy placed in the thalamus, basal ganglia, and/or cortical gray matter. They found that the initial degree of encephalopathy seemed to influence brain temperature measurements during and after hypothermia. Neither of these 2 studies correlated their brain temperature measurements with the extent of brain injury. The present study hypothesized that neonates with hypoxicischemic encephalopathy who developed brain injury despite hypothermia treatment will have a higher brain temperature compared with neonates with hypoxic-ischemic encephalopathy who did not develop brain injury during and after treatment. Thus, the present study was designed to noninvasively assess brain temperature during the first month of life in term neonates with hypoxicischemic encephalopathy treated with hypothermia.
MATERIALS AND METHODS

Patients
We conducted a prospective cohort study of term neonates with hypoxic-ischemic encephalopathy admitted to our neonatal intensive care unit at the Montreal Children's Hospital, McGill University, from 2010 to 2015 who met the criteria for induced hypothermia:
1,3 1) gestational age of 36 weeks or older and birth weight of Ն1800 g; 2) evidence of fetal distress (eg, a history of an acute perinatal event, cord pH Յ 7.0, or base deficit Յ Ϫ16 mEq/L); 3) evidence of neonatal distress (eg, an Apgar score of Յ5 at 10 minutes, postnatal blood gas pH within the first hour of life of Յ7.0 or a base deficit of Յ Ϫ16 mEq/L, or continuous need for ventilation with the initiation at birth and duration for at least 10 minutes); and 4) evidence of moderate or severe encephalopathy obtained by a standardized neurologic examination and/or by an amplitude-integrated electroencephalogram. The initial background pattern of the amplitude-integrated electroencephalogram 2, 20 was assessed on admission and collected to classify the neonates. Eligible neonates received whole-body cooling to an esophageal temperature of 33.5°C, initiated by 6 hours of life and continued for 72 hours. Three additional healthy term neonates were included as controls. The research protocol was approved by the institutional review board, and informed parental consent was obtained in all cases.
Brain MR Imaging
As per standard clinical protocol at our institution, a brain MR imaging was performed for all these neonates after hypothermia treatment was completed, usually around day 10 of life. In addition, since 2010, when possible (ie, when the parents consented for their neonates to have additional MRIs, when the neonates were hemodynamically stable, and when a team of a nurse and a respiratory therapist was available to go to the MR imaging), neonates were enrolled in an MR imaging research study, and MR imaging scans were performed on day 1 of life, on days 2-3 of life, around day 10 of life, and around 1 month of age. These time points were chosen to ensure the absence of antenatal brain injury (day 1 of life), to assess early patterns of injury (days 2-3 of life), and to define the extent of definitive brain injuries (around day 10 of life and around 1 month of life). Neonates receiving hypothermia had the hypothermia therapy maintained during the MR imaging scan without any adverse events. 21 Any ventilation, pressor support, or sedation was maintained during the MR imaging process, and additional sedation was avoided. The healthy term neonates had normal imaging findings at the same time points; they were kept at regular temperature during the MR imaging. The MR imaging was performed with a 3T clinical system (Achieva X; Philips Healthcare, Best, the Netherlands . The multivoxels were placed over the whole cerebrum at the level of the basal ganglia. Data acquisition was performed at room temperature (22°C Ϯ 1°C). This sequence was used to noninvasively measure absolute brain temperature in the neonates. Pediatric neuroradiologists, who were blinded to the clinical conditions of the infants, interpreted the MR imaging studies of the asphyxiated neonates treated with hypothermia. They reported the presence and extent of brain injury in the cerebrum according to a previously described MR imaging scoring system. 22 The MR imaging scores obtained around day 10 of life were used as the reference to determine the extent of the brain injury for each patient.
23,24
Temperature Measurements in Neonates MR spectra data were obtained with the previously mentioned 2D point-resolved spectroscopy sequence. On the basis of the princi-ple that temperature affects the hydrogen bonding between water molecules, 9 which leads to a shift in the spectral position of the water signal relative to a reference metabolite that has less sensitivity to temperature changes-such as N-acetyl aspartate-on MR spectroscopy, 11, 17, 25, 26 brain temperature was derived by analyzing the chemical shift differences (␦ ppm) between the water peak and the NAA spectrum. 19 This method has been demonstrated previously to have an accuracy of Ϯ0.5°C and a precision of 0.3°C. 14, 17, 26 The chemical shift differences were plotted against the temperature to obtain the calibration line for estimating the brain temperature of the neonates. 19 The software package jMRUI (Version 5.2; www.mrui.uab.es/mrui/ mrui_download/) 27, 28 was used to estimate the position of the water peak and NAA in each of these voxels and thus measure the chemical shift differences. A 2D fast Fourier transform was applied to the signals as the preprocessing steps in the software. To remove undesirable resonance frequencies, we used a Hankel Lanczos Singular Value Decomposition 29 filter, implemented in jMRUI. The multivoxels were placed over the whole cerebrum of the neonates at the level of basal ganglia (Fig 1) . For each MR multivoxel spectra acquired for the neonate, brain temperature was subsequently measured in the voxels located in the basal ganglia (ie, a voxel in the thalamus and a voxel in the remaining basal ganglia) and the white matter (ie, a voxel in the anterior white matter and a voxel in the posterior white matter) on each side of the brain (Fig 1) . Measurements were obtained on the right and left sides of the brain in these different ROIs and then averaged. The voxels containing noisy and poor signals were excluded manually from the data. Then, for each scan, brain temperature was estimated with a previously described calibration equation. 30 
Statistical Analysis
In healthy neonates, differences of brain temperature in the basal ganglia and white matter across time were assessed for statistical significance with Kruskal-Wallis tests.
For the first comparison of brain temperature measurements between neonates with hypoxic-ischemic encephalopathy treated with hypothermia and healthy neonates, the neonates with hypoxic-ischemic encephalopathy treated with hypothermia were categorized into 2 subgroups according to their initial degree of encephalopathy on an amplitude-integrated electroencephalogram (ie, moderate versus severe). For the second analysis, the same neonates were categorized into 2 subgroups based on the presence or absence of brain injury in the ROI on their conventional MR imaging performed around day 10 of life. We assessed the following differences at each time point for statistical significance with Kruskal-Wallis tests: 1) between neonates with hypoxic-ischemic encephalopathy treated with hypothermia with initial moderate encephalopathy versus those with initial severe encephalopathy versus healthy neonates, and 2) neonates with hypoxic-ischemic encephalopathy treated with hypothermia who developed brain injury versus those without brain injury versus healthy neonates. For multiple comparisons, the Dunn post hoc comparison tests comparing the 3 groups at each time point were applied to adjust the ␣ level as necessary. An overall (2-sided) ␣ level of .05 was used to indicate statistical significance.
RESULTS
Forty-three term neonates with hypoxic-ischemic encephalopathy treated with hypothermia had a total of 74 spectroscopy scans over the first month of life. Fifty-three percent (23/43) of these neonates had an initial moderate encephalopathy by amplitude-integrated electroencephalography. Fifty-two percent (12/23) did not develop brain injury, 13% (3/23) developed basal ganglia injury, 26% (6/23) developed watershed injury, and 9% (2/23) developed near-total injury. Forty-nine percent (21/43) of these neonates had an initial severe encephalopathy by an amplitude-integrated electroencephalogram. Thirty-five percent (7/20) did not develop brain injury, 10% (2/20) developed basal ganglia injury, 5% (1/20) developed watershed injury, and 50% (10/20) developed near-total injury. In addition, 3 healthy term neonates had a total of 9 spectroscopy scans during the first month of life. Seventeen percent (8/46) of the neonates enrolled in the present study had a spectroscopy scan on day 1 of life, 35% (16/46) had a spectroscopy scan on days 2-3 of life, 76% (35/46) had a spectroscopy scan around day 10 of life, and 35% (16/46) had a spectroscopy scan around 1 month of age. Among the 8 voxels where temperature was measured, a mean of 1.30 Ϯ 1.56 voxels per patient was excluded manually from the data because they contained noisy and poor signals.
In healthy neonates, brain temperature remained similar in the basal ganglia (average, 38.50°C Ϯ 1.21°C; comparison between time points, P ϭ .89) and in the white matter (average, 38.88°C Ϯ 1.86°C; comparison between time points, P ϭ .76) during the first month of life (Fig 2) . In the same neonates, brain ROIs. T2-weighted image shows where the multivoxels were placed over the whole cerebrum at the level of basal ganglia (yellow dotted lines). In this example, temperature was measured in a total of 7 voxels-that is, in the voxels in the left thalamus, the remaining basal ganglia bilaterally, and the anterior and posterior white matter bilaterally (yellow lines).
temperature was not different between the basal ganglia and white matter (P ϭ .23).
When we compared the brain temperature results of the neonates with hypoxic-ischemic encephalopathy-according to their initial degree of encephalopathy-and the healthy neonates, brain temperatures were significantly different in the 3 groups (moderate encephalopathy, severe encephalopathy, and healthy) on day 1 of life (respectively, basal ganglia, P Ͻ .001, and white matter, P ϭ .01) and on days 2-3 of life (respectively, basal ganglia, P Ͻ .001, and white matter, P ϭ .003) (Fig 2) . Neonates with moderate encephalopathy tended to have lower brain temperatures (respectively, basal ganglia, 35.82°C Ϯ 1.31°C, and white matter, 36.84°C Ϯ 0.83°C) on day 1 of life compared with healthy neonates (respectively, basal ganglia, 38.81°C Ϯ 2.08°C, and white matter, 38.76°C Ϯ 1.25°C); in addition, the brain temperatures of neonates with moderate encephalopathy were significantly lower on days 2-3 of life (respectively, basal ganglia, 34.07°C Ϯ 1.52°C, and white matter, 34.87°C Ϯ 1.12°C) compared with healthy neonates (respectively, basal ganglia, 38.2°C 5 Ϯ 0.91°C, and white matter, 38.40°C Ϯ 1.76°C). Neonates with severe encephalopathy had significantly lower brain temperatures on day 1 of life (respectively, basal ganglia, 34.42°C Ϯ 1.10°C, and white matter, 36.22°C Ϯ 1.81°C) and on days 2-3 of life (respectively, basal ganglia, 34.77°C Ϯ 1.12°C, and white matter, 35.23°C Ϯ 1.16°C) compared with healthy neonates. Brain temperatures did not differ between the neonates with moderate encephalopathy and the neonates with severe encephalopathy. Brain temperatures did not differ in the 3 groups around day 10 of life (respectively, basal ganglia, P ϭ .78, and white matter, P ϭ .30) and around 1 month of life (respectively, basal ganglia, P ϭ .34, and white matter, P ϭ .13) (Fig 2) .
When we compared the brain temperature results of the neonates with hypoxic-ischemic encephalopathy-according to the presence or absence of brain injury-and the healthy neonates, we found that the brain temperatures were significantly different in the 3 groups (neonates with hypoxic-ischemic encephalopathy who did not develop brain injury, neonates with hypoxic-ischemic encephalopathy who developed brain injury, and healthy neonates) on day 1 of life and on days 2-3 of life (P Ͻ .001) (Fig 2) . Neonates with hypoxic-ischemic encephalopathy who did not develop brain injury had significantly lower brain temperatures on day 1 of life (respectively, basal ganglia, 34.46°C Ϯ 1.09°C, and white matter, 33.97°C Ϯ 1.42°C) and on days 2-3 of life (respectively, basal ganglia, 33.90°C Ϯ 1.34°C, and white matter, 33.07°C Ϯ 1.71°C) compared with healthy neonates. Neonates who developed brain injury had higher brain temperatures on day 1 of life (respectively, basal ganglia, 35.55°C Ϯ 1.31°C, and white matter, 37.35°C Ϯ 2.55°C) and on days 2-3 of life (respectively, basal ganglia, 35.20°C Ϯ 1.15°C, and white matter, 35.44°C Ϯ 1.90°C) compared with neonates with hypoxic-ischemic encephalopathy who did not develop brain injury; however, the brain temperatures of neonates who developed brain injury were not different compared with those in healthy neonates, except on days 2-3 of life in the basal ganglia.
Brain temperatures did not differ for neonates with hypoxicischemic encephalopathy with moderate encephalopathy and neonates with hypoxic-ischemic encephalopathy with severe encephalopathy. For all 3 groups, brain temperatures did not differ around day 10 of life (respectively, basal ganglia, P ϭ .11, and white matter, P ϭ .10) and around 1 month of life (respectively, basal ganglia, P ϭ .10, and white matter, P ϭ .44) (Fig 2) . However, brain temperatures tended to remain higher around day 10 of life (in the basal ganglia, 39.34°C Ϯ 1.35°C, and in the white matter, 40.10°C Ϯ 2.36°C) and around 1 month of age (in the basal ganglia, 40.58°C Ϯ 2.15°C) in the neonates who developed . Box-and-whisker plots (median, minimum, and maximum in degrees Celsius). Significance was derived from Kruskal-Wallis tests, followed by the Dunn post hoc comparison tests for multiple comparisons: The asterisk indicates P Ͻ .05; 2 asterisks, P Ͻ .01; 3 asterisks, P Ͻ .001.
brain injury compared with those who did not develop brain injury (in the basal ganglia: day 10 of life, 38.31°C Ϯ 1.69°C; 1 month of age, 39.25 Ϯ 1.78°C; and in the white matter: day 10 of life, 38.74°C Ϯ 1.84°C).
DISCUSSION
In this study, we investigated the evolution of brain temperature during the first month of life in neonates with hypoxic-ischemic encephalopathy treated with hypothermia. To the best of our knowledge, this is the largest cohort of term neonates with hypoxic-ischemic encephalopathy treated with hypothermia for whom brain thermometry has been used. This also is the first time that multivoxel spectroscopy was used to perform brain thermometry of neonates with hypoxic-ischemic encephalopathy treated with hypothermia. Previous studies used single-voxel spectroscopy 18, 19 and had to acquire different spectra in the different ROIs, which increased the duration of the MR imaging scans for these patients who often are critically sick. In addition, brain temperature could potentially vary between the times that the different voxels were scanned. Using multivoxel spectroscopy enabled a simultaneous measurement of brain temperature in different ROIs with the same sequence, without prolonging the scan duration. Most interesting, with multivoxel spectroscopy, we did not find consistent differences between the brain temperature measurements performed on the basal ganglia and white matter, contrary to some other studies. 18, 19 In our study, we averaged the measurements performed on the thalami and the remaining basal ganglia on both sides as "basal ganglia" measurements and the measurements performed on the anterior and posterior white matter on both sides as "white matter" measurements. It also is possible that measurements on the white matter were sometimes "contaminated" to varying degrees by the cortical gray matter because it often was technically challenging to pick a voxel located solely in the white matter. As expected, hypothermia treatment with current guidelines lowered the brain temperatures of the neonates with hypoxicischemic encephalopathy compared with the healthy neonates, as has also been suggested by other studies. 19 However, the decrease of brain temperature during hypothermia treatment was not uniform for all the neonates with hypoxic-ischemic encephalopathy. Therapeutic hypothermia did not prevent an early increase of brain temperature in neonates with hypoxic-ischemic encephalopathy who developed brain injury-despite these neonates being actively cooled to around 33.5°C-compared with those who did not develop brain injury. These results are similar to those found in adults with traumatic brain injury, which showed that brain temperature dissociates from core body temperature and increases when brain injury develops. 10 The increased brain temperatures in the neonates who developed brain injury probably correspond to an increased brain perfusion despite hypothermia treatment, which has been previously reported in these neonates despite hypothermia treatment. [31] [32] [33] The increased brain temperatures in the neonates who developed brain injury may also correspond to the often-described phenomenon of luxury perfusion during which brain perfusion exceeds the metabolic demands, which leads to an increase of cerebral oxygen delivery. [34] [35] [36] [37] Thus, the current hypothermia guidelines did not seem to prevent the development of brain injury when increased brain temperatures were found during the first days of life. These neonates with increased brain temperatures may be candidates for adjustments in their hypothermia therapy or for adjunctive therapies. 19, 33 Brain temperatures tended to remain slightly higher in the basal ganglia and in the white matter around day 10 of life, and in the basal ganglia around 1 month of age in the neonates who developed brain injury compared those not who did not. Similar results were found when measuring brain perfusion in these neonates 38 : Brain perfusion remained somewhat increased in the brain regions with brain injury around day 10 of life and around 1 month of life. It has been hypothesized that these results may be due to increased blood vessels rather than the tone adjustments of the first days of life. 38 The analysis of brain temperatures according to the initial degree of encephalopathy did not permit a prediction of the outcome of these neonates because no difference occurred in the brain temperatures of the neonates with initial moderate encephalopathy and those with initial severe encephalopathy recorded on an amplitude-integrated electroencephalogram. These results are consistent with those found when measuring the regional cerebral oxygen saturation in these neonates, 35 in which the regional cerebral oxygen saturation did not differ for neonates with initial moderate encephalopathy and those with initial severe encephalopathy. However, our results were different compared with those in a previous study by Wu et al, 19 who studied 18 neonates with hypoxic-ischemic encephalopathy treated with hypothermia (including 14 with initial moderate encephalopathy and 4 with initial severe encephalopathy based on a modified Sarnat score) and found that the initial degree of encephalopathy seemed to influence the brain temperature measurements during and after hypothermia. Unfortunately, they did not report the correlation between the brain temperature measurements and the extent of brain injury in each of their neonates, so it is impossible to know whether all their neonates with initial severe encephalopathy developed brain injury. In our study, only 65% of the neonates with an initial severe encephalopathy developed brain injury. This finding might help explain why our results were different from theirs, in addition to our sample size being larger. Also, most of their scans were performed on days 2-3 of life, 19 and our scans were usually performed on days 1 and 2 of life; similarly, previous studies have shown that the regional cerebral oxygen saturation did not differ for neonates with hypoxic-ischemic encephalopathy with moderate-versus-severe encephalopathy, except on day 3 of life. 35 In addition to the brain temperature measurements at different time points during the first month of life, another strength of the present study is that brain temperature measurements at the same time points in healthy neonates were also included as comparisons with those of neonates with hypoxic-ischemic encephalopathy. Most interesting, the brain temperature in the healthy neonates was, on average, above 38°C, which is higher than the normal target core temperature; these results were consistent with previously described results 16 and also with the consensus that brain temperature is typically 0.5°C-1°C higher than core temperature. [39] [40] [41] Similarly, our brain temperature measurements performed during hypothermia were, on average, at least above 34°C in those neonates who did not develop brain injury, which is higher than the target core temperature (ie, 33.5°C) during the treatment, a finding that was also consistent with previously described results.
19
Of note, neonates with hypoxic-ischemic encephalopathy received whole-body cooling in this study. Brain temperature measurements may yield different results in neonates with hypoxicischemic encephalopathy treated with head cooling because it has been previously demonstrated in neonatal swine that head cooling creates a temperature gradient across the brain (ie, cooler periphery and warmer central structures) compared with no temperature gradient in those treated with whole-body cooling. 42, 43 Instead of just comparing our results with previous studies of brain perfusion and/or regional cerebral oxygen saturation measurements, it would have been interesting to correlate directly the brain temperature measurements of these neonates with the brain perfusion measurements by MR arterial spin-labeling and/or with the measurement of regional cerebral oxygen saturation by nearinfrared spectroscopy, to better understand the physiopathology underlying the development of brain injury in these neonates. However, these other measurements were not always consistently performed for the neonates enrolled in this study. Another limitation of our study was that the body temperatures of the neonates at each time point were not collected systematically, especially with respect to the MR imaging performed during the hypothermia treatment, so they could not be correlated with the neonates' body temperatures. Other studies have shown that body and brain temperatures correlate in healthy subjects but that a dissociation exists between the 2 in brain injury. 10 In addition, the sample size, even if it is the largest described so far with respect to neonates with hypoxic-ischemic encephalopathy treated with hypothermia, was not sufficient to study, in more detail, the impact of sedation and antiepileptic medications that were sometimes used with these neonates. The sample size of healthy term neonates was also small; thus, the statistical power of our comparisons and the conclusions that can be drawn were limited. Of note, none of the neonates presented with seizures during the MR imaging studies, and minimal sedation was used for all of them as per the standard of care at our institution.
CONCLUSIONS
Therapeutic hypothermia using current guidelines decreased brain temperature in neonates with hypoxic-ischemic encephalopathy during the first days of life but did not prevent an early increase of brain temperature in neonates with hypoxic-ischemic encephalopathy who developed brain injury. Noninvasive monitoring of brain temperatures may permit a better understanding of the development of brain injury despite hypothermia in neonates with hypoxic-ischemic encephalopathy. Further studies are needed to determine whether noninvasive measuring of brain temperature may permit a selection of the neonates who may be candidates for adjustments in their hypothermia therapy or for adjunctive therapies.
